Ulexite (Na 2 O·2CaO·5B 2 O 3 ·16H 2 O) is one of the most important raw materials for boric acid, synthesized by dissolving the ore in an acid solution. Since ulexite ore was dissolved in a phosphoric acid solution, the final solution included boric acid (H 3 BO 3 ), sodium dihydrogen phosphate [NaH 2 PO 4 ], and calcium dihydrogen phosphate [Ca(H 2 PO 4 ) 2 ]. The presence of several ions in the solution causes separation problems for boric acid. This study includes a special separation step to increase the purity of the boric acid that is synthesized from the dissolution of ulexite ore in phosphoric acid. For this purpose, calcium ions in the final solution were removed using Dowex HCR-S cationic ion exchange resin. Additionally, the Taguchi optimization method was employed to monitor the removal of calcium ions. The design of experiments included an orthogonal array technique in L 9 array for three parameters with three different values; reaction temperature (12 o C, 25 o C, 40 o C), stirring rate (250 rpm, 300 rpm, 350 rpm), and the amount of resin (10% wt., 30% wt., 50% wt.). The results of the calculations revealed that the optimum values of temperature, stirring rate, and amount of resin are 12 o C, 350 rpm, and 50% wt., respectively. The amount of calcium removed under optimum conditions was found as 79.49%.
Introduction
Turkey contains a major portion of the world's total boron reserves. Turkey's commercially recoverable boron reserves comprise colemanite (Ca 2 B 6 O 11 .5H 2 O), ulexite (NaCaB 5 O 9 ·8H 2 O) and tincal (Na 2 B 4 O 7 .10H 2 O) and various products are produced from these boron compounds [1] . Boron and its products are used widely in industry. Some of the application areas for boron compounds are the defense industry, glass industry, for glass fibers, ceramic industry, industrial cleaning and whitening, as flame-retardant materials, in agriculture, metallurgy, nuclear applications, energy storage, waste removal, fuel and health, etc. [2, 3] .
Boric acid is the most important product in the boron industry. It is used as the main precursor for the production of many boron additive materials. Therefore, the purity of boric acid is very important for the boron market and user, and innovative research into the production of pure boric acid and cost effective production methods has generally received great interest.
In Turkey, boric acid is produced by the reaction of sulfuric acid with colemanite. However, many problems are encountered during filtration of gypsum (CaSO 4 .2H 2 O) which forms as a by-product of this reaction. The most significant problems are that gypsum forms as a result of the reaction, mixes with clay minerals from ore and has no economic value. In addition to this, it may cause environmental problems as it still includes resoluble boric acid within solid waste and causes vast areas to be used for solid waste storage. Difficulties experienced during drainage of gypsum and problems such as sulfuric acid causing excessive corrosion increase the production costs of this process [4, 5, 6] . Therefore, various alternative studies have been carried out in order to decrease the cost of boric acid produced with conventional methods, to generate environment-friendly new technologies and to contribute to scientific technology. In studies, boric acid has been produced by dissolving boron ores in various solvents. Boric acid was produced by dissolving native borates in H 3 PO 4 solutions [7] , colemanite in H 3 PO 4 solutions [8], Kestelek's colemanite containing clay minerals in water saturated with sulfur dioxide [9] , ulexite ore in phosphoric acid [10] and colemanite ore in methanol [11] .
Another alternative method for production of boric acid is dissolving ulexite ore within a phosphoric acid solution. As is known, ulexite ore is one of the most common boron ores in Turkey. Therefore, its use for boric acid production is quite convenient. Also, when phosphoric acid is used as solvent in this process, other valuable by-products are also produced apart from boric acid, such as sodium and calcium phosphates [7, 10] . Therefore, when phosphoric acid is used these valuable by-products can be produced and also difficulties experienced during disposal of gypsum, which forms as a by-product in the traditional method, and problems encountered due to the corrosive effect of sulfuric acid are resolved. Therefore, when all the mentioned advantages are considered, this process may be a different alternative to produce boric acid.
Some researchers have been concerned with the optimization of boric acid production by dissolution of boron minerals using the Taguchi method. The optimization of dissolution of ulexite in NH 4 Cl solutions [12] , colemanite in water saturated with CO 2 and SO 2 gases [13] and ulexite in phosphate acid solutions [14] was investigated and the optimum conditions for the process was determined in all studies.
Taguchi is an optimization method commonly used in engineering applications to optimize the process. It is a simple and effective method used to provide maximum performance with minimum cost [15] . The Taguchi method is based on the principle of running the experiment as few times as possible to keep costs at the lowest level. An orthogonal array is used to reduce the number of experiments in this method. The difference between the Taguchi method and other statistical methods is that it examines the parameters affecting an experiment in two groups as controllable and uncontrollable. The results obtained during the experimental work may also be obtained in a factory environment using this method [16] .
As is known, various by-products occur in all dissolution studies performed to synthesize boric acid from boron ores. Although separation of boric acid from these by-products is very important, not many studies on this subject are found in the literature. Therefore, the aims of this study are to investigate the optimization of a stage to help separate boric acid from a product solution we obtained from a previously completed study. In our previous study, ulexite ore was dissolved in phosphoric acid solution to produce boric acid and the formation of sodium and calcium dihydrogen phosphates was observed as by-products [10] .
In this study, calcium ions in the product solution from the previous study were removed using Dowex HCR-S cationic ion exchange resin. In this manner, the purity of the boric acid synthesized from the dissolution of ulexite ore in phosphoric acid was increased. Additionally, the Taguchi optimization method was employed to monitor the removal of calcium ions.
Materials and methods

Materials
The ulexite ore used in the study was provided from the region of Bigadiç, Balıkesir, Turkey. It was ground and sieved by ASTM standard sieves. In the experiments, ulexite ore with grain size of -212+150μm diameter -which was determined to have high boric acid transformation in pre-experiments-was used. The chemical analysis of the ore was performed by volumetric and gravimetric methods and its purity was found to be about 93% on the basis of B 2 O 3 content ( Table 1 ). X-ray diffraction analysis was performed to determine the mineralogical structure of the original ulexite sample using a Rigaku D/MAX-2200 diffractometer. Phase identification was carried out using the available data from an inorganic crystal structure database (ICSD). The characteristic peaks of ulexite ore were observed. The x-ray diffractogram of ulexite ore is given in Figure  1 . Phosphoric acid was obtained from Merck and was 85% by weight. The resin used in the study was synthetic Dowex-HCR S/S in sodium form provided by Fluka Co. Some of the properties of this resin are given in Table 2 .
Dissolution experiments
A 250 mL jacketed glass reactor was used for dissolution experiments. A constant temperature circulator and a reflux condenser were attached to the reactor. The reactor contents were stirred with a mechanical stirrer. After putting 0.1 L phosphoric acid solution (0.7 M) into the reactor, the reactor was heated to 60 °C. 15g ulexite ore was added to the reactor while the stirring (200rpm) was continued. After 30 minutes, the reactor contents were filtered quickly.
The reaction conditions we use here are the optimum dissolution conditions we have determined in our previous work [13] . The product solution obtained after dissolution was transferred to another reactor for ion exchange experiments. The experimental setup used for the dissolution experiments is given in Figure 2 .
Ion-exchange experiments
The experimental setup (Figure 2.) described above was used for the ion exchange experiments. 0.1 L product solution was put into the reactor and the contents were heated to the desired temperature. After reaching the desired temperature, a certain amount of resin was placed into the reactor. After finishing the reaction, the reactor contents were filtered and the amount of calcium in the obtained solution was analyzed [17] . The preliminary experiments showed that the maximum calcium ion removal was achieved in five minutes ( Figure 3 ).
As shown in Figure 3 , the amount of calcium removal did not change after the fifth minute. Therefore, five minutes was selected as the experimental period.
Results and discussion
The product solution contained boric acid (H 3 BO 3 ), sodium dihydrogen phosphate [NaH 2 PO 4 ], and calcium dihydrogen phosphate [Ca (H 2 PO 4 ) 2 ] after ulexite ore was dissolved in phosphoric acid [10] . This product solution was treated with an ion exchange resin to remove calcium ions in solution. Experimental parameters and their values were determined in pre-trials and are given in Table 3 .
The experimental plan, L 9 (3 3 ), three parameters and three levels, was determined by using the orthogonal array (OA) technique and is given in uncontrollable factors negatively affecting the results were determined.
According to Taguchi, as the optimization criterion the S/N ratio should be used to identify the quality characteristics. This ratio can be divided into three categories. They are the larger the better, the smaller the better and the nominal the better [18] . The larger the better performance characteristics were used to obtain optimum calcium removal performance. The S/N values for the average effects are calculated from Eq. (1).
and Y i performance value of ith experiment.
If experimental results are in percentage (%), omega transformation of percentage values should be applied using Eq. (2). where S/N is the performance statistics, n the number of repetitions done for an experimental combination,
where Ω (db) is the decibel value of percentage value subject to omega transformation and P percentage of the product obtained experimentally.
The values that make S/N maximum are optimum.
The experiment corresponding to optimum conditions may not have been performed during the experimental work using the Taguchi method. In this case, the performance value corresponding to the optimum conditions can be estimated from Eq. (3) [19] .
where µ is the overall mean of performance value at the optimum conditions, X i the fixed effect of the parameter level combination used in ith experiment, and e i the random error in ith experiment.
Equation 3 is a point estimate calculated by using experimental data. Therefore, the confidence interval (CI) must be calculated to decide whether this value is meaningful or not. The confidence interval can be calculated from Eq. (4) at a selected error level.
where F(1,n 2 ) is the F value from the F table in any statistical book at the required confidence level and at degrees of freedom (DOF) 1 and error DOF n 2 ; Ve is the variance of error term (from ANOVA); and Ne is the effective number of replications
Performance statistics (S/N)
Ion exchange experiments were carried out according to the experimental plan in Table 4 . The obtained experimental results and the S/N values calculated for these results are given in Table 5 .
S/N values were calculated using Eq. 1. The first S/N value in Table 5 was calculated as follows;
is analyzed, the highest S/N value is 38.0057 and this value is the optimum value. Parameter values corresponding to this value are respectively 12 o C temperature, 350 rpm mixing speed and 50% resin amount.
The solution obtained as a result of ion exchange experiments carried out under optimum conditions was analyzed. These analysis results and analysis results for the solution before ion exchange are given in Table  7 . 
S/N = 28.8510
The other S/N values in Table 5 were calculated in the same way. The average effects (AE) of calcium removal were calculated using these results. The average effects of each level for the various parameters are given Table 6 and shown in Figure 4 . Table 6 . The average effects of calcium removal from product solutions.
Level 1 of A parameter in Table 6 The other values in Table 6 were calculated in the same way. Figure 4 indicates the change in performance characteristics with process parameters. For example, Figure  4C indicates the change in S/N ratios with the resin amount. Level 1 of C parameter is 10%. The highest S/N value on each graph is the optimum value for that parameter. Therefore, optimum calcium removal conditions for this process were found to be A1 (12 o C), B3 (350 rpm) and C3 (50 wt.%). Similarly, when Table 5 
Before the ion exchange ( wt.%)
After the ion exchange (wt.%) Ca 9.68 1.94 Na 4.97 13.87 Table 7 . Chemical analysis results in solution before and after the ion exchange.
As seen in Table 7 , calcium ions decreased from 9.68% to 1.94%, while sodium ions increased from 4.97% to 13.87%. According to this, nearly 80% of calcium ions in product solution were removed after ion exchange under optimum conditions. Calcium ions in the product solution were replaced by sodium ions using the ion exchange resin. There were already sodium ions in the product solution. With the ion exchange reaction, only the sodium ion concentration in the solution increased. Thus, variation in the product solution was reduced and the purity of the boric acid was increased.
Various methods such as chemical precipitation and membrane filtration can be used for removal of calcium ions. However, the ion exchange process has various advantages compared to these methods. These advantages are that the cost is lower than membrane filtration, there is no new pollution that would pass into solution during chemical precipitation, high removal speed, simple device and easy operation. Moreover, innovative research that contributes to literature was carried out by using ion exchanger for such a separation process. Furthermore, the resin can be regenerated with salt solution and does not require any chemical treatment. Therefore, using ion exchange resin for the removal of calcium ions from the product solution provides many important advantages.
Analysis of variance
An analysis of variance (ANOVA) was carried out to identify the effective parameters and their confidence intervals for calcium removal using ion exchange resin from solutions obtained by dissolution of ulexite in phosphate acid solution. The ANOVA is a standard table containing the values as sum of squares, degrees of freedom, F, etc. The optimum process parameters can be predicted using the ANOVA and the S/N values [20] . The ANOVA table for the calcium removal values in the experiments was created (see Table 8 ).
The F value in Table 8 is used to determine the effective parameters. F-value of each parameter is the ratio of the mean of the squared deviations to the mean of squared error. The larger the F-value, the greater the effect. Therefore, the amount of resin is the most effective parameter for this process.
When Table 8 is investigated it appears that the most effective parameter on the process is the amount of resin with 94.59% contribution. At the same temperature (12 o C), increasing the resin amount from 10 % to 50 % increases calcium removal from nearly 30% to 80% (Table 5) . It is readily understood that the number of available adsorption sites increases by increasing the resin amount and therefore, variation in resin amount results in an increase in removal efficiency. Additionally according to Table 8 , while there was no effect on the ion exchange process from stirring speed, temperature did affect this process though not by much. When the experimental results in Table 5 are investigated, in experiments with the same amount of resin (50%) used as temperature increased the calcium removal decreased. A decrease in the removal efficiency of calcium ions with the rise in temperature was due to the increasing tendency to desorb from the interface into the solution. This result also indicates that the adsorption process of calcium ions onto resin is exothermic. When the same resin amount was used (e.g., 10%), increasing the stirring speed from 250 rpm to 350 rpm did not cause a significant change in calcium removal amount (Table 5 ). This shows that there was no resistance to mass transfer at any existing solid-liquid and liquid-liquid interfaces and the ion exchange reaction at all speeds is generally not controlled by external diffusion.
The calculations in the ANOVA table were made as follows:
Step 1 Total of all experimental results (T): T = 28.8510 + 36.7059 + 38.0057 +……..+ 35.7866 = 302.01
Step 2 Correction factor (CF): where n is the total number of experiments.
Step 3 Total sum of squares (S T ):
Step 4 Parameter sum of squares: Step 9 Pure sum of squares:
S B and S C were calculated in the same way.
Step 5 Error sum of squares:
Step 6 Total, parameter and error degrees of freedom (DOF)
DOF total = Number of experimental runs minus 1 DOF A parameter = level number of parameter A minus 1
f A = n-1 = 3-1 = 2 and so on.
Step 7 Mean square (variance):
and so on.
Step 8 F value and so on.
Step 10 Percentage contribution:
Calculation of the expected performance and the confidence interval
As shown in Table 5 , the experiment corresponding to the optimum conditions (A1, B3 and C3) had already been performed during experimental studies. Therefore, there was no need to repeat the experiment. According to this result, it can be said that the calcium removal under optimum conditions is 79.49%.
Expected performance (EP) is calculated using the average S /N value in Table 5 and the optimum parameter values for A1, B3 and C3 in 3. In the third stage of this process, the optimization of calcium removal from the product solution was examined. The effective parameters on calcium removal from the product solution obtained by dissolution of ulexite ore in phosphate acid solutions using ion exchange resin are resin amount, reaction temperature and stirring speed, respectively. The most effective parameter on the ion exchange process is amount of resin. While stirring speed had nearly no effect, temperature had a slight effect on the process. The optimum conditions were found to be 12 o C for reaction temperature, 350 rpm for stirring speed and 50% wt. for the amount of resin. The amount of calcium removal under optimum conditions was found to be 79.49%. It can be seen that the Taguchi method is a suitable alternative experimental design method for use in a separation process because it is cheaper than other conventional design methods. In addition, the results obtained during the experimental work may be obtained in a factory environment using the Taguchi method.
The optimum working conditions, the observed and expected quantities of calcium removal and the confidence interval obtained for this process are given in Table 9 .
As shown in Table 9 , the observed removal amount under optimum conditions (79.49%) is within the calculated confidence interval and the experimental results are within ±1% error. This indicates the accuracy of the observed optimum removal quantity for calcium and it can be said that the interactive effects of the parameter are at negligible levels.
Conclusions
The following results were observed in this study;
1. In the first stage of this process, ulexite ore was dissolved in phosphoric acid. The final solution contains boric acid (H 3 BO 3 ), sodium dihydrogen phosphate [NaH 2 PO 4 ], and calcium dihydrogen phosphate [Ca(H 2 PO 4 ) 2 ]. Boric acid production with the conventional method has specific disadvantages. These are; difficulties encountered during disposal of gypsum formed as a by-product and corrosive effect of sulfuric acid used as a solvent. Therefore, with the addition of valuable by-products produced in the current process and also elimination of disadvantages of the traditional method, this process may help provide cheaper production of boric acid compared to the traditional method.
2. In the second stage of this process, the removal of calcium ions from the product solution was investigated. Calcium ions in the final solution were replaced by sodium ions using ion exchange resin. There were already sodium ions in the product solution. Thus, variety in the product solution was reduced and the purity of boric acid was increased. In this process, using ion exchange resin for the removal of calcium ions in product solution provides many important advantages. With the aim of purifying boric acid, some methods such as chemical precipitation and membrane filtration may be used for separation of by-products. However, membrane filtration has higher costs. Chemical precipitation adds potentially polluting material to the solution. Using ion exchange resin in this process resolves these disadvantages. Another advantage of
